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ABSTRACT

The Baix Penedés Fault zone records successive karstic systems. The outcrops studied correspond to different
segments of the fault, which were temporarily connected and disconnected, allowing for different diagenetic pro-
cesses to occur. The first karstic system affected the Mesozoic rocks due to subaerial exposure after Paleogene
compression, an event characterized by widespread dissolution and the generation of vug and cavern porosity. The
8"80 values of the dolomitic sediment filling the initial vuggy porosity are similar to those of the host dolomite,
indicating that the sediment comes from the erosion and reworking of the host rock. The second karstic system is
related to the upward propagation of the Baix Penedes Fault. This deformation was characterized by random-frac-
ture fabrics with dolomite cement and sediment. The stable isotopes values and Sr/Ca ratios of both the dolomite
cement and sediments are similar to those of the host rock. In contrast, the more depleted 5'C values indicate the
influence of soil-derived CO, and the opening of the system to meteoric waters. During the third karstic event, the
380, 8"3C, Sr/Ca ratios, and 8Sr/86Sr values of diagenetic cements suggest a marine signature, indicating that
the karstic sediments were dolomitized under the influence of late Burdigalian-Langhian marine waters. These
marine waters were probably expelled from poorly buried sediments and circulated through faults producing
dolomitization of the karstic sediments. A final karst system developed during a period of uplift and subaerial expo-
sure. The 3'80 values, the Mg/Ca and Sr/Ca ratios, and the high radiogenic values of the calcite cements formed
during this period indicate precipitation from meteoric waters. The results of this study have implications for
carbonate hydrocarbon reservoir analogs subject to karstic influence in the Valencia Trough and elsewhere.
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INTRODUCTION On the other hand, studies related to shallow-water car-

bonate deposits demonstrate that water-level and climatic

Karstic speleothems have been frequently used for climatic fluctuations are major controls on both the rate and the

studies (Gascoyne 1992; Fairchild et al. 2006) as their style of early, near-surface carbonate diagenesis (Esteban &

laminated growth structure allows for the analysis of geo-
chemical variations through time. Similarly, the minerals
precipitated on the fracture walls reflect different fluid flow
events along fracture pathways. Petrographic and geochem-
ical (80, 8'3C, ¥Sr/%°Sr and trace element analyses)
studies of fracture calcite have also been used for solving
the variation in depth of the fresh/saline water interface
and hence the long-term palacohydrological behavior of a
specific site (Tullborg er al. 2008).
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Klappa 1983), recognizing repeated changes from marine
to fresh-water conditions and phreatic to vadose environ-
ments (Csoma et al. 2004). All these diagenetic cycles can
be used to assess the porosity evolution of a specific site.
The recognition of paleokarst in ancient carbonate
sequences (James & Choquette 1988; Mussman et al.
1988) is of major significance for hydrocarbon exploration
because it enhances porosity (Esteban & Wilson 1993).
Moreover, fractures served as pathways for fluids forming
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hypogenic caves as well as for hydrocarbons and for fluids
mineralizing caves and fractures (Poros ez al. 2012).

The Valencia Trough is a NE-SW oriented basin located
between the Iberian Peninsula and the Balearic Islands. It
belongs to the complex system of Neogene basins initially
created in the Mediterranecan by the Paleogene compres-
sion (early Eocene to late Oligocene) and finally developed
and settled in the Neogene (early Miocene). An extensive
paleokarst system developed within the Mesozoic rocks
that surround the Neogene basins (Cabrera 1981; Albaigés
et nl. 1985; Lomando et al. 1993; Playa et al. 2010;
Rodriguez-Morillas et al. 2013). This paleokarst is related
to the Mesozoic/Tertiary unconformity, which resulted
from subaerial exposure of Mesozoic rocks during the
Paleogene orogeny and is recognized throughout the
entire Mediterranean domain (Esteban 1991). The major
petroleum system of the Iberian Peninsula is located on the
offshore Mediterranean and is still considered one of the
most prospective areas (Vera et al. 1988; Clavell & Beras-
tegui 1991; Klimowitz et al. 2005; Varela er al. 2005).
Furthermore, during the Messinian (5.96-5.35 Ma), the
Mediterranean Sea became isolated from the world’s oceans
as the result of a large drop in sea level and widespread
deposition of evaporites (Krijgsman ez al. 1999). This dras-
tic drop in base level affected the local karst systems, creat-
ing new karst systems or the reworking of the previous
one, such as Cretaceous bauxite-filled fissures and caves
(Combes 1969; Audra et al. 2004). The influence of the
Messinian event has been widely recognized in France
(Julian & Nicod 1984; Clauzon et al. 1997) and Italy (Bini
et al. 1978; Bini 1994). In fact, the major porosity-creating
process in the offshore Amposta Marino oilfield has been
specifically attributed to mixing zone corrosion in a coastal
setting during the Miocene, which enhanced a previous
meteoric karst system (Wigley ez al. 1988). Presented here
are the results of an outcrop-based study of the footwall
zone of the Baix Penedes Fault, which is very well exposed
in the Penedes half-graben. This basin can serve as an out-
crop analog to the basins existing in the offshore Mediter-
ranean where oil fields developed. The study examines the
different karstic dissolution and infilling events associated
with the different fracture systems that formed in the
Penedes half-graben during its evolution.

The objective of this study is to characterized the karstic
processes occurred during the development of shallow defor-
mation of these structures. The results of this study have
implications for carbonate hydrocarbon reservoir analogs sub-
ject to karstification in the Valencia Trough and elsewhere.

GEOLOGICAL SETTING

The Catalan Coastal Ranges (CCR) (Fig. 1A) resulted
from the superposition of three main tectonic events. (i) A
Mesozoic extensional phase which is divided into two rif-

ting episodes, the first, Late Permian to Triassic in age, is
related to the opening of the Neotethys and the second,
latest Oxfordian to Aptian in age, is related to the opening
of the North Central Atlantic Ocean and the Bay of Biscay
(Salas & Casas 1993; Salas et al. 2001). (ii) A Paleocene to
middle Oligocene compressional phase that generated the
Catalan Intraplate Belt (CIB) from the inversion of the
Mesozoic rift basins. This phase includes the emplacement
of ENE-WSW to-NE-SW trending thick-skinned thrust
sheets bound by SE-dipping thrusts with a limited left-lat-
eral strike-slip motion (Ashauer & Teichmiiller 1935; Llo-
pis-Lladé 1947; Anadoén er al. 1985; Guimera 2004). (iii)
The third tectonic event was the late Oligocene?—~Neogene
extensional phase that generated the extensional reactiva-
tion of the main Paleogene reverse faults of the CCR
(Fontboté 1954; Gaspar-Escribano ez al. 2004). These
faults split the CIB into a set of ENE-WSW blocks tilted
toward the NW, constituting the actual horst-and-graben
systems present at the northwestern Mediterranean (Bartri-
na et al. 1992; Roca & Guimera 1992).

The Penedes half-graben is located at the central part of
the CCR (Fig. 1B). Two major structural highs surround
this graben: Gaia-Montmell High and Garraf Horst which in
turn include minor fault-bound depressions (Vilanova and
Baix Llobregat). The horsts are made up of Mesozoic car-
bonates and, locally, siliciclastic and evaporitic rocks overlay-
ing the Variscan basement. The NW margin of the graben is
bound by the Valles-Penedes Fault, with a vertical slip from
2 to 4 km (Roca et al. 1999) (Fig. 1C). Minor faults, up to
a few hundred meters of displacement, make up the present
southern boundary, separating the depression from the Gar-
raf Horst. A karstified prerift unconformity (late Oligocene-
early Miocene), associated with different weathering prod-
ucts (scree deposits, paleosoils), underlies the lowermost
Neogene basin infill (Agusti ¢z al. 1985). Three depositional
complexes are distinguished filling the basin (Cabrera ez al.
1991; Cabrera & Calvet 1996): (i) a lower continental com-
plex consisting of thick red bed sequences deposited in allu-
vial fan environment, Aquitanian to early Burdigalian in age;
(ii) a marine to transitional complex, late Burdigalian to Ser-
ravallian in age, with sabhka facies, carbonate platform facies
and siliciclastic and bay facies; and (iii) an upper continental
complex, late Serravallian-Tortonian in age, consisting of
thick red bed sequences deposited in alluvial fan environ-
ments. These sediments are covered either by alluvial-fluvial
units (Gallart 1981) and/or marine units (Martinell 1988)
of lower Pliocene age onlapping a deeply entrenched Mes-
sinian crosive surface, which affected both the basement
rocks and the earlier Neogene sequences.

METHODS

The structure, sedimentary fills and macroscopic diagenetic
fabrics related to the Baix Penedes Fault, and its related
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Fig. 1. (A) Regional geological map of the Catalan Coastal Ranges; (B) Geological map of the Penedés half-graben. The round points show the location of

the studied outcrops; (C) Cross-section though the central part of the Penedes half-graben.
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karstic features were measured and mapped. To character-
ize the evolution of the fluid flow, we combined a struc-
tural analysis with a petrological and mineralogical study of
33 standard and polished thin sections made from 27 hand
samples collected both in the veins-filling fractures and in
the host rocks. The thin sections were stained with Alizar-
ine Red-S and potassium ferricyanide to distinguish calcite
and dolomite from their ferroan equivalents (Dickson
1966). A Technosyn Cold Cathodoluminescence device
(model 8200 MKII) operating at 15-18 Kv and 150-
350 pA current gun was used to distinguish the different
cementations phases. The geochemical analysis of the cal-
cite and dolomite cements and sediments (stable isotopes,
elemental geochemistry, and 7Sr/*38r ratios) allowed us
to characterize the different fluids. The comparison of the
cement geochemistry with the host rock carbonate geo-
chemistry gave us clues regarding rock—fluid interaction. A
fluid inclusion study was not carried out because of the vir-
tual absence of fluid inclusions in the cements, probably
due to the low temperature of precipitation. The host rock
and veins-filling fractures were sampled for carbon- and
oxygen-isotope analysis employing a 500-pm-thick dental
drill to extract 60 + 10 pg of powder from polished slabs.
The calcite and dolomite powder was reacted with 103%
phosphoric acid for 10 min at 90°C. The CO, was ana-
lyzed using an automated Kiel Carbonate Device attached
to a Thermal Tonization Mass Spectrometer Thermo Elec-
tron (Finnigan) MAT-252. The results are precise to
+ 0.029, for 8'3C and =+ 0.04%, for §'80 and were cor-
rected using the standard technique (Craig & Gordon
1965; Claypool et al. 1980), expressed in 9, with respect
to the VPDB (Vienna Pee Dee Belemnite) standard. The
values for fluids are expressed relative to the VSMOW
(Vienna Standard Mean Ocean Water) standard. The equa-
tion for conversion between the VPDB and VSMOW stan-
dards is 8"®Oyspow = 1.030915"30yppg + 30.91 (Coplen
et al. 1983).

Sr chromatography was performed using the method
described by Pin & Bassin (1992) using Sr-resin commer-
cially known as Sr-Spec and produced by Eichrom Labora-
tories. Sr isotope measurements were carried out in a
Finnigan MAT-262 mass spectrometer. Samples were
loaded onto a Ta filament (99.95%) previously degassed in
two stages at 2 A and 4.5 A for 30 min. The measurement
of isotopic ratios was carried out under the following con-
ditions: ®8Sr beam intensity approximately 4V, achieving
20 blocks of 10 sweeps, and **Rb to monitor potential iso-
baric interferences. The analytical data were corrected by
linear law mass fractionation using a constant ratio
868y /888r = 0.1194 (Steiger & Jager 1977). The analysis
of strontium isotopes can be used to indirectly date car-
bonates or to give an indication of the importance of
water/rock interactions in the system. Strontium isotopic
ratios of seawater are very well constrained, and the varia-

tion though time of this ratio allowed us constrain a spe-
cific age for a given ratio (Burke ez al. 1982; Howarth &
McArthur 1997; Veizer et al. 1999; McArthur et al.
2001). Moreover, when diagenetic processes occur from
nonmodified seawater, the %”Sr/3°Sr ratio of the diagenetic
products helps to constrain the age of the diagenetic pro-
cesses.

Carbon-coated polished thin sections were used to ana-
lyze minor and trace element concentrations on a CAME-
CA SX-50 electron microprobe. The microprobe was
operated using 20 Kv excitation potential, a current
intensity of 15 nA and a beam diameter of 10 pm. The
detection limits were 99 ppm for Mn, 144 ppm for
Fe, 103 ppm for Na, 386 ppm for Mg, 89 ppm for Sr
ppm, and 497 ppm for Ca. Precision on major element
averaged 6.32% at 3
confidence levels.

analyses standard error sigma

FIELD OBSERVATIONS

The Baix Penedeés Fault, well exposed at Castellvi de la
Marca (Baix Penedes), is a normal fault trending NE-SW
and dipping toward the SE with a sub-vertical displace-
ment of up to 1 km (Fig. 1C). This normal fault is related
to the opening of the Valencia Trough during the Miocene
(Roca et al. 1999; Marin et al. 2008) and put the Meso-
zoic dolomites of the footwall in contact with the upper
continental complex of the middle Serravallian-Tortonian
hanging wall. Within its footwall, the main fault is bound
by a damage zone (Caine et al. 1996) several hundred
meters wide, characterized by intense fracturation and
brecciation (Baqués et al. 2010). In the fault core zone,
the karst system is best developed. The architecture of the
fractures and the diagenetic products that occur in the
karst system and in the fault zone is described in the fol-
lowing sections.

Structure of the fault zone and fractures

We studied three outcrops across the Baix Penedes Fault,
all situated within the footwall block. Throughout the
fault, the footwall is comprised of the Garraf Upper Dol-
(Salas
1987). The Juncosa del Montmell outcrop is located near
the southwest fault termination on a secondary road from
La Bisbal del Penedes to La Juncosa del Montmell. The
road cut exhibits a one hundred-meter-wide fresh section

omites Formation of Thitonian-Berriasian age

orthogonal to the fault plane between the undeformed
dolomites of the footwall and the main fault plane. The
Casetes de Gomila and Castellvi outcrops are located along
the central part of the fault, near Castellvi de la Marca vil-
lage. Both outcrops are relatively unweathered and are
about five to ten meters-wide and orthogonal to the fault
plane of the footwall block.

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94



Along the Juncosa del Montmell outcrop, gray dolom-
ites are found in 1.5-meter-thick beds trending N40 and
dipping 10°northwest. The damage zone is several hundred
meters wide and is characterized by random-fracture fabrics
that generate a cemented crackle-to-mosaic packbreccia
(field breccia classification by Morrow 1982) (Fig. 2). Vari-
ous second-order faults are present within the damage
zone involving up to fifty-centimeter-thick-cemented rub-
ble packbreccia corresponding to the core zone. At the
nearest part of the main fault, the core zone is about ten
meters thick and is characterized by random fractures gen-
erating a cemented mosaic floatbreccia with dolomite sedi-
ments and calcite cements infilling the fractures. A final
fracture system, trending NNW to SSE and dipping 70—
80° northwest, cuts the Baix Penedes Fault zone. These
fractures range in width from 2 to 40 cm with subangular
walls. They are partially infilled by calcite sediments and
cements. The sediments represent infiltration of carbonate
mud. By contrast, the cements are new crystalline material
precipitated within the sediment pores.

The Casetes de Gomila and Castellvi outcrops are
located in a relay zone of two different segments of the
Baix Penedes Fault. The Casetes de Gomila outcrop
exposes a five to ten meter-wide fault zone of Thitonian-
Berriasian dolomites unconformably overlapped by the
Miocene upper continental complexes (Fig. 3A). The dol-
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omites are arranged in 0.2 to lmeter-thick beds trending
N70 and dipping 10°northwest at a distance from the main
fault plane and 40° southeast close to the fault plane, form-
ing an anticline forced by the normal motion of the Baix
Penedes Fault. The undeformed footwall is not recognized
in this outcrop. The damage zone, due to intense fractur-
ation, exhibits a crackle-to-mosaic packbreccia recognizable
up to fifty meters away from the main fault plane. Closer
to the fault plane, the core zone is arranged into different
lenses of cemented rubble floatbreccias with dolomitic sed-
iments and cements.

The Castellvi outcrop exposes up to thirty meters of the
Baix Penedes Fault and a five to ten meter-wide fault zone
orthogonal to the slip plane (Fig. 4). The fault plane is
curved trending from N60 to N10 and ends toward
another fault segment trending N60. This geometry corre-
sponds to a classical connection between two segments of
the normal fault generating a relay zone due to its propa-
gation (Bellahsen & Daniel 2005). The dolomites are dis-
tributed in 0.3 to 1.5 meter-thick beds trending N40 and
dipping 10° to the northwest. Nearer to the main fault
plane, the bedding dips 10° southeastwards, forming a
slight anticline forced by the normal motion of the Baix
Penedes Fault as also occurred in the Casetes de Gomila
outcrop. The damage zone consists of cemented crackle-
to-mosaic packbreccia several meters along the footwall

NW

Core zone of the main fault

Damage zone

—— NE-SW fractures
—— NNE-SSW fractures

Breccia type 3 Breccia type 1b

Breccia type 1a

@ Breccia type 1f

Breccia type 1a

(E) cs2acci

@ Breccia type 3

Fig. 2. Sketch of the Juncosa del Montmell outcrop showing the distribution of fractures, breccias and cements within the footwall of the Baix Penedes Fault.
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Fig. 3. Fault breccias and karstic laminated fillings within the footwall block of the Baix Penedés Fault cropping out at Casetes de Gomila location.

block and cemented rubble floatbreccia nearer the main
fault. The core zone architecture is complex, characterized
by random fractures partially filled by different types of
dolomite sediments and by different layers of breccias par-
allel to the fault plane, which in turn is affected by the nor-
mal fault. A late fracture system, trending NNW to SSE
and dipping 70-88° northwest, cuts the Baix Penedes Fault
zone.

PETROLOGY AND GEOCHEMISTRY

The mesostructural description of the three outcrops
allows us to recognize five different types of common
deformation patterns: (i) three different systems of random
fractures; (ii) NE-SW and (iii) NNW-SSE trending normal
faults; (iv) related fault rocks (different types of breccias);
and (v) karstic fillings (different types of sediments and
cements). In this section, we will describe the petrologic
and geochemical characteristics of these common deforma-
tion products and establish their relative chronology based
on their crosscutting relationships. Figure 5 shows the
paragenetic sequence from Mesozoic to present of the Baix
Penedes Fault, indicating the different features observed in
cach outcrop. Below we will use the following nomencla-
ture to describe the different diagenetic materials: RD,
replacement dolomite; DS, dolomite sediment; CS, calcite
sediment; DC, dolomite cement; CC, calcite cement. The
different type of diagenetic materials are numbered accord-
ing to their relative chronology.

Host rock (replacive dolomite RD1)

The dolomites consist of replacive dolomicrite to dolospa-
rite with penetrative and destructive or nondestructive fab-
rics (RD1) (Fig. 6A). Ooids, ghosts of the original
limestone, are locally recognized. The dolomite crystals are
anhedral to subhedral, 10-150 pm in size and show dull
purple luminescence (Fig. 6B). 8'%0 varies from —2.1
to + 1.2 %, VPDB and §'*C from + 1 to + 2.3 %, VPDB
(Fig. 7 & Table 1). The ¥Sr/%Sr ratio is 0.707417
(Fig. 8 & Table 2), and the elemental composition is
between 21.3 and 23.68% Ca, 12.03 and 13.57% Mg, and
between 129 and 1148 ppm Sr, with Na, Mn, and Fe con-
tents ranging from below detection limit to 921, 188, and
2306 ppm, respectively (Table 3).

Dolomitic sediment DS1

The first dissolution process was favored by the interstrata
discontinuities, which generated vug porosity subparallel to
bedding. This porosity was filled by dolomitic sediment
DS1 consisting of dull orange luminescent anhedral dolo-
mite crystals 25-150 um in size (Fig. 6A-B). 8'80 varies
from —1 to —0.6 %, VPDB, 8"*C from —3.2 to —2 9%,
VPDB (Fig. 7 & Table 1); Ca varies from 21.27 to
24.43%, Mg from 11.4 to 13.32%, and Sr from 364 to
1228 ppm. Na, Mn, and Fe contents range from below
detection limit to 1316, 375, and 5906 ppm, respectively
(Table 3).

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94
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[Z/] Breccia type 2

| Breccia type 4
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Pisoliths & laminated
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|:| Cataclasite of pisoliths

Fig. 4. Field photograph and scheme of the Castellvi outcrop showing different karstic features: (A) Breccia type 2 and dolomitic sediment DS3; (B) Breccia
type 4 and hematite cement H2; (C) Breccia type 5 and calcite cements CC3 to CC7; (D) Spelean pisoids, calcite cement CC8 and laminated sediment CS1;
(E) Well-rounded spelean pisoids and calcite cements CC9 and CC10; (F) Detailed view of well-rounded spelean pisoids; (G) Cataclasite of spelean pisoids;

(H) Calcite cement CC11.

Breccia type 1, dolomite cement DC1, and replacive
dolomite RD2

As mentioned above, along the damage zone, the host
rock is highly fractured. The fractures are mode I (open-
ing) with no preferred orientation, 10-75 pum thick, and
with subangular walls. Due to the intensity of fracturing,
the damage zone consist of a cemented crackle-to-mosaic
packbreccia (breccia type la) formed by angular fragments
of dolomitic rocks, 0.5-4 c¢m in size (Fig. 2 & 3B). Both
the fractures and the breccia are cemented by dolomitic
cement DC1 made up of anhedral dull red luminescent
crystals, 5—40 um in size, growing in optical continuity
with the host rock crystals (Fig. 6C-D). 8'80 varies from
—2.3 to —0.4 %, VPDB and 3"3C from —0.8 to + 0.3%,

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94

VPDB (Fig. 7 & Table 1). Ca varies from 21.27 to
23.89%, Mg from 11.4 to 13.32%, and Sr from 314 to
952 ppm. Na, Mn, and Fe contents range from below the
detection limit to 1316, 375, and 5908 ppm, respectively
(Table 3). The core zone of secondary faults (up to 3—
10 cm thick) consists of cemented rubble packbreccia
(breccia type 1b) resulting from comminution of host
dolomite, breccia type la, and DSI. Near the main fault
plane, mainly in the core zone, DC1 is more abundant,
and host dolomites are partially replaced by a dolosparite
with penetrative and destructive fabric (RD2). The dolo-
mite crystals are of subhedral habit and show dull to bright
red luminescence. They are 50-300 pum in size (Fig. 6E—
F), and their 8'%0 varies from —4.6 to —0.7 %, VPDB and
their 8'3C from —1 to + 1 %, VPDB (Fig. 7 & Table 1).
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Fracturing and diagenetic processes
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Fig. 5. Diagenetic sequence from Mesozoic to post-Tortonian times of the Baix Penedes Fault.

Dolomitic sediment DS2 and dolomitic cement DC2

Random fractures affect the brecciated footwall and the
dolomitic sediment DS1. They are 75400 um thick with
subangular walls and were apparently affected by intense
dissolution, which generated channel and vug porosity
(Fig. 3C). This porosity is filled by the orange dolomite
sediment DS2, consisting of fragments of the host dolo-
mite, 4-100 pm in size (Fig. 6). 8'%0 varies from —1.8
to+ 0.1 %, VPDB, 8°C from —4.2 to —2.9 %, VPDB
(Fig. 7 & Table 1), and the ¥”Sr/3°Sr ratio is 0.708761
(Fig. 8 & Table 2). The elemental composition is between
21.78 and 24.9% Ca, 10.6 and 13.12% Mg, and between
177 and 1250 ppm Sr, with Na, Mn, and Fe contents
ranging from below the detection limit to 1130, 364 and
6927 ppm, respectively (Table 3). DS2 is cemented by
DC2 arranged in rim position at the fracture walls or sur-
rounding the host rock fragments (Fig. 6). The cement

has nonluminescent to orange luminescent zonation; its
elemental composition is between 23.68 and 24.71% Ca,
10.61 and 12% Mg, between 258 and 476 ppm Na,
between 218 and 2025 ppm Fe, and between 453 and
726 ppm Sr. Its Mn content ranges from below the detec-
tion limit to 211 ppm (Table 3).

Breccia type 2 and dolomitic sediment DS3

The continued dissolution processes, favored by the ran-
domly oriented fractures, locally led to the collapse of frac-
tures walls, originating the cemented rubble floatbreccia
(breccia type 2) (Fig. 3D & 4A). This breccia consists of
angular centimetric reworked fragments of host rock,
dolomitic cements and sediments and is cemented by a
pink to red dolomitic sediment (DS3). It is rich in iron
oxides and is locally laminated (Fig. 3C). The sediment is
made up of bright orange luminescent euhedral crystals,

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94
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Fig. 6. (A & B) Host rock and dolomite sediment DS1 affected by irregular fractures and different fillings; (C & D) Crackle to mosaic packbreccia with dolo-
mite cement DC1. Irregular fractures with dolomite sediments DS2, DS3 and dolomite cement DC3; (E & F) Replacive dolomite RD2 and fracture filled by
dolomite sediments DS2, DS3 and dolomite cement DC3; (G & H) Breccia type 2 with reworked fragments of dolomitic sediments DS2 and DS3. Remaining
vug porosity filled by hematite cement H1, dolomite cement DC3 and calcite cement CC1.
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Fig. 7. 380 - §"C plot of host rocks and cements of the Baix Penedés Fault.

50-100 um in size (Fig. 6E-F). 3'%0 varies from —2
to + 0.7 %, VPDB, 3'3C from —3.1 to + 0.1 %, VPDB,
and the %7Sr/%°Sr ratio is 0.708855 (Figs. 7-8 &
Tables 1-2). The elemental composition is between 22.35
and 24.43% Ca, 10.73 and 12.35% Mg, and between 237
and 1228 ppm Sr, with Na, Mn, and Fe contents ranging
from below the detection limit to 484, 346, and
2866 ppm, respectively (Table 3).

Hematite cement H1 and dolomite cement DC3

The hematite and dolomite cements H1 and DC3, respec-
tively, fill the NNW-SSE and NE-SW fractures (Fig. 3B).
Hematite cement H1 is precipitated at one of the fracture
walls and in the porosity remaining between dolomite sedi-
ment DS3 (Fig. 9A-B). DC3 is made up of zonally lumi-
nescent brown-orange cuhedral crystals, 100-500 pm in
size, growing along the c-axis, perpendicular to the frac-
ture wall (Figs. 6A-F & 9A-B). The stable isotopes are
—1.2 to+ 0.1 %, for 380 VPDB and —2.3 to —1.7 %,

VPDB for 8'3C (Fig. 7 & Table 1). The elemental compo-
sition is between 22.52 and 24.49% Ca, 10.95 and 12.19%
Mg, and between 115 and 1071 ppm Sr, with Na, Mn,
and Fe contents ranging from below the detection limit to
611, 406, and 3197 ppm, respectively (Table 3).

Calcite cement CC1

In the Castellvi outcrop, the remaining porosity, after the
dolomite cement DC3 precipitation, was partially infilled
by calcite cement CC1. This cement consists of subhedral
crystals, 100-750 pm  in showing  bright-black
orange-black luminescence zonation and featuring a blocky
texture (Fig. 9a and 9b). §'*0 varies from —9 to —7.5 %,
VPDB, §C from —7.5 to —6.7 %, VPDB, and the
87r /80Sr ratio is 0.708293 (Figs. 7-8 & Tables 1-2). The
elemental composition is between 39.02 and 40.27% Ca,
0.07 and 0.45% Mg; Na, Mn, Fe, and Sr contents range
from below the detection limit to 330, 210, 273, and
491 ppm, respectively (Table 3).

size,

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94



Table 1 3'%0 and 3"C values of the host-dolomite and the diagenetic
products.

Filling stage 5'3C 9, VPDB 5'%0 9, VPDB
Host-dolomite RD1 Min. 1 21
n=15 Max. 23 1,2

Average 15 -0,5
Dolomite sediment DS1 Min. -3,2 -1,0
n=5 Max. -2,0 -0,6
Average -2,8 -0,8
Dolomite cement DC1 Min. -0,8 -2.3
n=12 Max. 03 —-0,4
Average -0,2 -1,4
Replacive dolomite RD2 Min. -1,0 —4,6
n=18 Max. 1,0 -0,7
Average -0,1 -25
Dolomite sediment DS2 Min. —4.2 -1,8
n=11 Max. -2.9 0,1
Average -3,6 =11
Dolomite sediment DS3 Min. -3,1 -2,0
n=14 Max. 0,1 0,7
Average -1,4 -0,6
Dolomite cement DC3 Min. -2.3 -1,2
n=3 Max. -1,7 0,1
Average -2,0 -0,4
Calcite cement CC1 Min. -7.5 -9,0
n=10 Max. -6,7 -75
Average -71 -85
Calcite cement CC2 Min. -8,3 -85
n=28 Max. -6,6 —-6,4
Average -7.8 7,2
Calcite cement CC3 Min. -7.5 -8,8
n=2 Max. -74 -8,6
Average -7.5 —-8,7
Calcite cement CC4 Min. -59 -9,8
n=4 Max. —54 -95
Average —5,6 -9,6
Calcite cement CC6 Min.
n=1 Max.
Average —-5,6 -9,2
Calcite cement CC7 Min.
n=1 Max.
Average -7.5 7.2
Calcite cement CC8 Min. -7.7 -8,7
n=2 Max. -74 -8,6
Average -75 -8,7
Calcite cement CS1 Min. -7.8 -8,6
n=3 Max. —7,6 —-8,5
Average -7.7 —8,6
Calcite cement CC9 Min. -7.9 -8,8
n=3 Max. -7.8 —8,1
Average -7,8 —-8,4
Calcite cement CC10 Min. -7.9 -8,4
n==6 Max. -7.7 -8,1
Average -7.8 -8,3
Calcite cement CS2 Min.
n=1 Max.
Average -8,0 —6,9
Calcite cement CC11 Min. -9,6 -8,8
n="11 Max. -7.8 —-6,5
Average -89 7.4

Breccia type 3 and calcite cement CC2

In Juncosa del Montmell outcrop, the core zone of the
main fault plane consists of 10-meter-thick-cemented
mosaic-to-rubble packbreccia (Morrow 1982) (Fig. 2). This
breccia (breccia type 3) is made up of subangular fragments

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94
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Table 2 87Sr/5Sr ratios of the host-dolomite and the diagenetic products.

Filling stage 875r/86Sr
Host-dolomite RD1 0,707417
Dolomite sediment DS2 0,708761
Dolomite sediment DS3 0,708855
Calcite cement CC1 0,708293
Calcite cement CC10 0,708253
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Fig. 8. 7Sr/%°Sr of host rocks, cements and sediments present thorough
the Baix Penedes fault zone. Data from Nadal (2001) and Travé et al.
(1998) previous studies are included

0.5—4 cm in size of reworked host dolomite and breccia type
1, and is cemented by two generations of fillings: internal
dolomitic sediment (DS4), made up of subhedral to euhe-
dral bright orange to bright yellow luminescent dolomitic
crystals reworked from previous dolomitic sediments DS3
(Fig. 9 C-D). This sediment usually shows a thin deposi-
tional lamination and fills the lower part of the cavities. The
second filling corresponds to calcite cement CC2, made up
of subhedral crystals, 250 um to 2 mm in size, and featuring
a blocky texture (Fig. 9C-D). 8'80 varies from —8.5 to
—6.4 9%, VPDB, 5'3C from —8.3 to —6.6 %, VPDB (Fig. 7
& Table 1). The elemental composition is between 39.39
and 40.21% of Ca, between 0.12 and 0.27% of Mg. Na, Fe,
and Sr contents ranges from below the detection limit to
312,255,273, and 482 ppm, respectively. The Mn content
is always below to the detection limit (Table 3).

Breccia type 4 and hematite cement H2

Within the Castellvi outcrop, overlying the karstified footwall
zone is the breccia type 4, classified as particulate rubble
floatbreccia (Morrow 1982) (Fig. 4B). This breccia is
formed by angular mm to cm reworked fragments of host
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Clast of
breccia type 1

500 ptm

Fig. 9. (A & B) Breccia type 3 with dolomitic sediment DS4 and calcite cement CC2; (C) Matrix of breccia type 4 with hematite cement H1; (D) Breccia type
5 with calcite cements from CC3 to CC7; (E) Calcite cement CC4 with goethite inclusions; (F) Spelean pisoids with calcite cement CC8 and calcite sediment
CS1; (G) Crushed spelean pisoids with calcite cement CC10; (H) Laminated sediment CS2 and calcite cement CC11.

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94



@ Early post-rift (late Burdigalian to Langhian)

‘

Ebro basin MR

Successive karstic systems within the Baix Penedes Fault 89

Syn-rift (Aquitanian to early Burdigalian)

@ Late post-rift (Langhian to Tortonian)

V Karstic dissolution
Process zone

='| Karstic breccia

[ ]Neogene

[ ] Lower Paleogene

- Upper Jurassic-

Lower Cretaceous
Triassic

- Variscan basement

§ Speleothems

<=3 Meteoric fluids percolation
Q Formation waters

<™ Marine waters

Fig. 10. Evolution of fluids from Mesozoic to post-Tortonian times within the Baix Penedes Fault. MF: Montmell Fault; FPT: Frontal Paleogene Thrust; BPF:

Baix Penedes Fault.

position varies from 39.17 to 40.32% for Ca and 0.04 to
0.15% for Mg. Its Na, Mn, Fe, and Sr contents range from
below the detection limit to 327, 160, 541 and 619 ppm
respectively (Table 3).

Spelean pisoids, calcite cement CC8 and laminated
sediment CS1

Above the type 5 breccias, there is a layer formed by lami-
nated spelean pisoids (Fig. 4D) (Fliigel 2004). The nucleus

© 2013 John Wiley & Sons Ltd, Geofluids, 14, 75-94

of the pisoids corresponds to fragments of the dolomite
sediments, cements, and type 5 breccia, all cemented
together by bladed calcite cement CC8 arranged in a rim
position and surrounded by laminated calcite sediment
CS1. Calcite cement CC8 consists of nonluminescent
bladed crystals, 300 pm to 1 mm in size. Its 3130 varies
from —8.7 to —8.6 VPDB and §'3C from —7.7 to —7.4
%o VPDB (Fig. 7 & Table 1). Its elemental composition is
between 39.72 and 40.47% Ca and 0.17 and 0.39% Mg
with Na, Fe, and Mn contents ranging from below the
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detection limit to 253, 216, and 501 ppm, respectively.
The Mn content is always below detection limit (Table 3).
Calcite sediment CS1 is formed by nonluminescent blocky
anhedral calcite crystals, 4-10 pm in size. The §'*0 values
of this sediment range from —8.6 to —8.5 9, VPDB and
3'3C from —7.8 to —7.6 %, VPDB (Fig. 7 & Table 1).
The elemental composition is between 39.1 and 40.01%
Ca, 0.19-0.36% Mg, and from 212 to 2885 ppm Fe. Na
and Sr contents range from below the detection limit to
310 and 686 ppm, respectively. The Mn content is always
below detection limit (Table 3).

Well-rounded spelean pisoids and calcite cements CC9
and CC10

The upper layer corresponds to a tabular white layer made
up of well-rounded spelean pisoids (Fig. 4E), 0.5-10 cm in
size, and cemented by calcite cement CC9 (Fig. 4F) consist-
ing of nonluminescent drusy euhedral crystals 50 um to
1 mm in size (Fig. 9G). §'®0 values vary from —8.8 to
—8.1 %, VPDB and 8'3C from —7.9 to —7.8 %, VPDB
(Fig. 7 and Table 1). The elemental composition is between
38.15 and 40.29% Ca and 0.11 and 1.13% Mg with Na, Mn,
Fe, and Sr contents ranging from below the detection limit
to 452, 297, 842, and 2146 ppm, respectively (Table 3).
Later movements of the extensional faults generated the
fragmentation of the spelean pisoids (Fig. 4G). The catacla-
site-like material, formed by small fragments of spelean pi-
soids, is cemented by calcite cement CC10 (Fig. 9G). §'%0
values vary from —8,4 to —8.1 %, VPDB and §'*C from
—7.9 to —=7.7 %, VPDB and ¥"Sr/3°Sr ratio from 0.708102
to 0.708253 (Figs. 7-8 & Tables 1-2).

Laminated calcite sediment CS2 and calcite cement CC11

Dissolution processes enlarged the NNW-SSE fractures lead-
ing to sharp and undulating fracture walls separated up to
50 cm (Fig. 2). These fractures contain two generations of
fillings. The first generation corresponds to a pink-laminated
sediment (CS2) of subhedral nonluminescent crystals, 10—
100 um in size, featuring a blocky texture (Fig. 9H). The
laminations correspond to size variations of the calcite crys-
tals, and in some cases include goethite and dolomite crystals
as well. 8'%0 is —6.9 %, VPDB and §'*C —8 9, VPDB
(Fig. 7 & Table 1). The elemental composition is between
38.83 and 39.43% Ca and 0.31 and 0.49% Mg with Na, Fe,
and Sr contents ranging from below the detection limit to
163, 561, and 1207 ppm, respectively. Mn content is always
below the detection limit (Table 3). The second filling phase
corresponds to calcite cement CCI11, made up of bladed
nonluminescent crystals from 50 to 250 pm in size
(Fig. 9H). 8'%0 values vary from —8.8 to —6.5 %, VPDB
and 8'3C from —9.6 to —7.8 %, VPDB (Fig. 7 & Table 1).

The elemental composition is between 38.59 and 40.23%
Ca, 0.11 and 0.82% Mg, and between 1126 and 1510 ppm
Sr with Na and Fe contents ranging from below the detec-
tion limit to 211 and 1103 ppm, respectively. Mn content is
always below detection level (Table 3). This cement has a
palisade texture developing up to 30 c¢m in thickness. Some-
times this cement fills the remaining fracture porosities of
the earlier stages.

DISCUSSION

The different field characteristics of the three outcrops stu-
died indicate that the three fault zones correspond to three
different segments of the fault, which were temporarily
connected and disconnected during the Neogene allowing
different diagenetic processes to occur. Below we summar-
ized our interpretation of the evolution of the Baix
Penedes Fault (Fig. 10). Also, we attempt to explain how
the dissolution processes were affected by the different
stages of fracturing during the upward fault-tip propaga-
tion. The study of the fractures was combined with petro-
graphic and geochemical analysis of the fracture-filling
cement phases in order to identify the type of the fluids
they were precipitated from.

Diagenesis of the host rock

The 5'®0 values of the host rock (RD1), which range
from —2.1 to + 1.2 9, VPDB, show clear marine influence
during the dolomitization process (Budd 1997). These val-
ues, together with the 8'°C and ¥Sr/%°Sr darta, suggest
that dolomitization took place in Upper Jurassic-Lower
Cretaceous times (Veizer et al. 1999). Nadal (2001) has
argued that the interval of time from the Thitonian to Ber-
riassian was a period of dolomitization that affected the
central part of the Catalan Coastal Ranges (CCR) and
neighboring areas.

Stage A: Diagenetic processes related to the end of
Paleogene

Dolomitic sediment DS1, filling the initial vuggy porosity,
has petrographic characteristics and 8'*O values similar to
those of host-dolomite RDI1. This suggests that DS1
comes from the erosion and reworking of the host rock.
However the dolomitic sediments are more depleted in
3'3C, indicating that the sediment was further altered on
contact with a fluid more enriched in organic CO,
(Moore 2001). This dissolution event can be related to
the extensive dissolution that took place in the area during
and after the uplift of the CCR due to Paleogene com-
pression (Cabrera 1981; Albaigés et al. 1985; Esteban
1991).
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Stage B: Diagenetic processes related to Miocene
(Aquitanian? to early Burdigalian) syn-rift stage

Due to the initial upward propagation of the Baix Penedes
fault, deformation was characterized by random-fracture
fabrics cemented by dolomitic cement DC1. The 5'*O val-
ues of this cement, varying between —2.3 and —1.3 9,
VPDB (Table 1). This is evidence of low temperature pre-
cipitation, which is consistent with the results of thermo-
chronology in the central part of the CCR, which indicates
that the exhumed normal fault footwall never exceeded
2 km maximum burial depth (Juez-Larré & Andriessen
20006). At Castellvi and Casetes de Gomila outcrops, the
host rock is partially replaced by dolomite RD2. The
petrography and geochemistry of this dolomite suggest
that dolomitization occurred during progressive burial of
the Jurassic rocks (Tucker & Marshall 2004).

A forced fold-related fault formed within the footwall.
Intense dissolution occurred along the fractures during the
folding. Geochemical and isotopic data indicate that uplift
associated with this deformation resulted in a period of sub-
aerial exposure (Sharp ez al. 2000). The 5'%0 values of the
dolomitic sediments DS2 and DS3 together with their Sr/
Ca ratio (Table 3) show a similarity with the host rock. In
contrast, the more depleted values of §'*C could indicate
the influence of soil-derived CO,, which suggesting the
opening of the system to meteoric waters (Moore 2001).

Stage C: Diagenetic processes related to the Miocene
(late Burdigalian to Langhian) early postrift stage

The §'%0 and 8'3C values, together with the Sr/Ca molar
ratios of dolomite cement DC3 (Table 3), are consistent
with precipitation under the influence of low-temperature
marine water (Table 1) (Budd 1997). The similarity of the
3180, 813C, and ¥7Sr/%°Sr values of this DC3 cement with
those of DC2 (which overgrows DS2), and with those of
DS3, all showing a marine signature (Veizer et al. 1999),
suggests that the karstic sediments where dolomitized
under the influence of late Burdigalian-Langhian marine
waters. This resulted in the deposition of sabhka, carbon-
ate platforms, siliciclastic and bay facies (Cabrera ez al.
1991; Cabrera & Calvet 1996). Expulsion of the trapped
marine waters and its circulation through faults would have
produced dolomitization of the karstic sediments at this
time (Calvet et al. 2001). Similar values are reported for
the same type of sediments deposited in the Casablanca oil
reservoir (Rodriguez-Morillas et al. 2013).

Stage D: Diagenetic processes related to the Miocene
(Serravallian to Tortonian) late postrift stage

Uplift along normal faults created subaerial conditions
and provided conduits for shallow meteoric recharge.
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Meteoric fluids deposited calcite cements filling the NE-
SW normal faults (CC1-CC10) correspond to a combi-
nation of tectonic and karstic processes. The §'%0 values
of the calcite cements, together with the Mg/Ca and
Sr/Ca molar ratios, and the high radiogenic values of
the calcite cementing the crushed spelean pisoids, indi-
cate that meteoric waters, rather than the interaction of
marine fluids, were responsible for precipitation of the
calcite cements. The oscillations in 8'3C values sug-
gest that the cements were influenced by variations of
the phreatic level during their deposition (Longman
1980).

Stage E: Post-Tortonian diagenetic processes

The late NNW-SSE fractures are attributed to a late post-
rift stage Neogene extensional event. This resulted in ten-
sional deformation of the whole area during the final
stages of the basin development. The calcite cement CC11
that covers the fracture walls is interpreted as speleothems
formed in the vadose meteoric environment, similar to
those described by Calvet ez al. 2000 and Travé & Calvet
(2001). The post-Tortonian prevalence of the vadose
meteoric environment is attributed to the Messinian sea-
level drop (Bini et al. 1978; Julian & Nicod 1984; Bini
1994; Clauzon et al. 1997).

CONCLUSIONS

The successive deformation stages and the related karst fill-
ing deposits/cements described above allowed us to iden-
tify four different events of karstification: (i) Karstification
related to the Paleogene compression characterized by
widespread dissolution and the generation of vug and cav-
ern porosity due to subaerial exposure of the Mesozoic car-
bonates. Geochemistry of the cements and sediments
filling this porosity indicates that they originated from the
erosion and reworking of the host rock. (ii) Karstification
related to the syn-rift (Neogene) extension occurring
mainly along fractures, promoting the propagation of the
Neogene faults. Geochemistry of the different types of
dolomitic karst-fill sediments occurring also in the fracture
porosity indicates that they were deposited from a meteoric
fluid in an open hydrological system. 7Sr/%°Sr data sug-
gest, however, that these sediments where later dolomi-
tized under the influence of late Burdigalian-Langhian
marine waters. (iii) Karstification occurs during the transi-
tion between the syn- and postrift Neogene extension and
affects some of the resulting horsts. The calcite fillings
related to the NW-SE normal faults are mixtures of tec-
tonic and karstic processes and resulted from multi-stage
movement of the faults during rifting. The §'*O values,
together with the Mg/Ca and Sr/Ca molar ratios of the
calcite cements and the high radiogenic values of the cal-
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cite cementing of the crushed spelean pisoids, indicate that
meteoric waters not equilibrated with the host limestone
were responsible for the precipitation of these cements.
The karst filling of this third event was clearly affected by
the normal faults and by the strike-slip faults, suggesting
that it developed during the syn- and postrift stages. (iv)
Karstification promoted by the NNW-SSE trending frac-
tures related to the late postrift. Calcitic sediments and
cements, interpreted as speleothems, cover the fracture
walls. The low 3'3C of these speleothems indicates a
higher involvement of soil-derived CO, and precipitation
in the vadose meteoric environment. The karstic fillings of
this fourth event are not deformed and are attributed to
the Neogene postrift. The observed multiphase karstifica-
tion and cementation events related to the Baix Penedes
Fault must be taken into consideration when interpreting
the karstified limestones offshore, as different episodes of
fluid migration, either enhancing or reducing the reservoir
porosity, probably occurred as well oftshore, where Medi-
terranean oilfields developed, as has been demonstrated in
this onshore analog.
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